Chronic obstructive pulmonary disease/emphysema (COPD/emphysema) is characterized by chronic inflammation and premature lung aging. Anti-aging sirtuin 1 (SIRT1), a NAD + -dependent protein/histone deacetylase, is reduced in lungs of patients with COPD. However, the molecular signals underlying the premature aging in lungs, and whether SIRT1 protects against cellular senescence and various pathophysiological alterations in emphysema, remain unknown. Here, we showed increased cellular senescence in lungs of COPD patients. SIRT1 activation by both genetic overexpression and a selective pharmacological activator, SRT1720, attenuated stress-induced premature cellular senescence and protected against emphysema induced by cigarette smoke and elastase in mice. Ablation of Sirt1 in airway epithelium, but not in myeloid cells, aggravated airspace enlargement, impaired lung function, and reduced exercise tolerance. These effects were due to the ability of SIRT1 to deacetylate the FOXO3 transcription factor, since Foxo3 deficiency diminished the protective effect of SRT1720 on cellular senescence and emphysematous changes. Inhibition of lung inflammation by an NF-kB/IKK2 inhibitor did not have any beneficial effect on emphysema. Thus, SIRT1 protects against emphysema through FOXO3-mediated reduction of cellular senescence, independently of inflammation. Activation of SIRT1 may be an attractive therapeutic strategy in COPD/emphysema.
Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by destruction of the alveolar wall, decline in lung function, and chronic inflammatory response (per Global Initiative for COPD [GOLD] guidelines). It was recently thought that pulmonary emphysema (one of the major components of COPD) develops as a result of accelerated premature aging of the lung due to cellular senescence and epigenomic instability caused by cigarette smoke (CS) and noxious gases (1) (2) (3) . Current therapies for COPD are symptomatic and have no effect on lung cellular maintenance, which suggests the involvement of other mechanisms in pathogenesis of COPD (4, 5) .
Sirtuin 1 (SIRT1) plays an important role in many pathophysiological processes, including cellular senescence/aging, inflammation, stress resistance, apoptosis/proliferation, and autoimmunity (6) (7) (8) . SIRT1 requires NAD + as a cofactor and functions by deacetylating intracellular targets, including transcription factors, signaling molecules, and chromatin histones (9) (10) (11) (12) . SIRT1 also regulates a stress-response transcription factor, FOXO3, thereby modulating cellular senescence/aging, skeletal muscle function, cardiovascular homeostasis, and human longevity (11, (13) (14) (15) (16) . We and others have recently shown that SIRT1, an antiaging protein, is reduced in lungs of patients with COPD (17, 18) . Emerging evidence suggests the involvement of lung cellular senescence in vitro and in vivo in response to CS (3, (19) (20) (21) (22) (23) (24) (25) . However, the molecular mechanism of CS-induced cellular senescence, and whether SIRT1 protects against stress-induced premature senescence (SIPS) and various pathophysiological changes in COPD, remain unknown. We hypothesized that SIRT1 protects against SIPS through the regulation of FOXO3, thereby attenuating emphysema. Using genetic and pharmacological approaches, we showed here the molecular mechanism of CS-induced cellular senescence via a SIRT1-FOXO3 axis, and a seminal role of SIRT1 in protection against airspace enlargement and lung function decline (characteristic features of COPD).
Results

SIRT1
protects against pulmonary emphysema. SIRT1 level was decreased in mouse lung exposed to CS and elastase (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI60132DS1). To determine the role of SIRT1 in the development of pulmonary emphysema, we exposed Sirt1-deficient heterozygous/haploinsufficient (Sirt1 +/-; 129/SvJ background) (26) and Sirt1-overexpressing/transgenic (Sirt1 Tg; C57BL/6J×129/SvJ background) mice (27) , as well as their WT littermates, to CS or elastase. Lung SIRT1 protein level was decreased in Sirt1 +/-mice, whereas it was increased in Sirt1 Tg mice compared with their WT littermates (Supplemental Figure 1C) . Sirt1 +/-mice showed a spontaneous airspace enlargement compared with WT mice only after 1 year of age, which is consistent with an agedependent reduction of lung SIRT1 level (Supplemental Figure 2 , A-C). CS exposure for 6 months induced a modest airspace enlargement in WT mice, whereas Sirt1 +/-mice started to exhibit airspace enlargement after just 4 months of CS exposure, which was augmented at 6 months ( Figure 1, A and B) . Overexpression of Sirt1 significantly ameliorated 6-month CS-induced increase in alveolar mean linear intercept (Lm) (Figure 1 , C and D). Lung compliance was further augmented in Sirt1 +/-mice, but it was attenuated in Sirt1 Tg mice, compared with WT mice exposed to CS for 6 months ( Figure 1 , E and F). Sirt1 deficiency decreased total lung resistance (R L ), although no significant change in R L in WT or Sirt1 Tg mice was observed after 6 months of CS exposure (Supplemental Figure 3 , A and B). There was no difference in the central airway resistance (Rn) among Sirt1 +/-, Sirt1 Tg, and littermate WT mice (Supplemental Figure 3 , C and D). Reduced exercise capacity (i.e., 6-minute walk test) is a characteristic feature of COPD/emphysema (28) . Exercise tolerance was further decreased in Sirt1 +/-mice,
Figure 1
SIRT1 protects against airspace enlargement and increased lung compliance in emphysematous mice. (A-D) Sirt1 +/-mice were susceptible to developing airspace enlargement (A and B), whereas overexpression of Sirt1 (i.e., Sirt1 Tg mice) attenuated the increased Lm of airspace in response to 6 months of CS exposure (C and D). (E and F) Lung compliance (C) was increased in Sirt1 +/-mice compared with WT littermates in response to 6 months of CS exposure (E), which was attenuated by Sirt1 overexpression (F). (G and H) Sirt1 deficiency increased the airspace enlargement induced by intratracheal injection of elastase (Ela). Sal, saline. (I) Lung compliance was increased in Sirt1 +/-mice compared with WT littermates after elastase exposure. H&E-stained images are representative of experiments from 3 separate mice. Original magnification, ×100. Scale bars: 100 μm. n = 3-4 per group. *P < 0.05, **P < 0.01, § P < 0.001 versus air or saline; # P < 0.05, ## P < 0.01 versus WT.
whereas Sirt1 Tg mice showed no reduction of treadmill running time or distance in response to CS exposure for 6 months (Supplemental Figure 3 , E-H). Similarly, airspace enlargement, lung function decline, and decreased arterial oxygen saturation were aggravated in Sirt1 +/-mice compared with WT littermates administered elastase ( Figure 1 , G-I, and Supplemental Figure 3 , I and J). However, no difference of Rn was observed between Sirt1 +/-mice and WT littermates exposed to elastase (Supplemental Figure 3K) .
Administration of a selective pharmacological SIRT1 activator, SRT1720 (50-100 mg/kg, orally), during emphysema development attenuated elastase-induced airspace enlargement and lung function impairment (i.e., lung compliance and R L ) as well as reduced arterial oxygen saturation in WT mice ( Figure 4E) . Furthermore, treatment with SRT1720 (100 mg/kg, orally) for 2 weeks after the establishment of elastase-induced emphysema significantly improved airspace enlargement and lung function decline as well as decreased arterial oxygen saturation in WT, but not Sirt1 +/-, mice ( Figure 2 , E and F, and Supplemental Figure 4 , F and G). Together, these results showed the protective effect of SIRT1 and its pharmacological activator, SRT1720, against pulmonary emphysema in mice.
Sirt1 deficiency in airway epithelium, but not in myeloid cells, aggravates emphysema. CS exposure for 6 months significantly reduced the level of SIRT1 in BAL cells and lung epithelial cells in 129/SvJ mice (Supplemental Figure 5, A and B) . To study the cell-specific role of SIRT1 in progression of emphysema, we generated airway epithelium-and myeloid cell-specific Sirt1 KO mice (referred to herein as Epi-Sirt1 -/-and Mac-Sirt1 -/-, respectively) by crossing Sirt1 fl mice (C57BL/6J × 129/SvJ background) with mice expressing Cre recombinase from the CC10 (in Clara cells; C57BL/6J background) and lysozyme M (in myeloid cells; C57BL/6J × 129/SvJ background) promoters (29) (30) (31) . SIRT1 expression and level were abolished in BAL cells (mainly alveolar macrophages) of Mac-Sirt1 -/-mice compared with WT controls (Supplemental Figure 5 , C and D). There was no SIRT1 expression in airway epithelium or isolated Clara cells from Epi-Sirt1 -/-mice (Supplemental Figure 5 , E-G). Elastaseinduced increases in airspace enlargement and lung compliance were further augmented in Epi-Sirt1 -/-mice compared with WT littermates (Figure 3 , A-C). R L , exercise capacity, and arterial oxygen saturation were further reduced in Epi-Sirt1 -/-mice compared with WT controls exposed to elastase ( Figure 3D and Supplemental Figure 6 , A and B). No significant difference of Rn was observed between Epi-Sirt1 -/-mice and WT littermates exposed to elastase (Supplemental Figure 6C) . Interestingly, in Mac-Sirt1 -/-animals, elastase injection showed no influence on airspace enlargement, lung compliance, R L , exercise tolerance, or arterial oxygen saturation ( Figure 3 , E-H, and Supplemental Figure 6 , D-F). These results suggest that Sirt1 deficiency in airway epithelium, but not in myeloid cells, aggravates emphysema in mice.
FOXO3 is required for the protection of SIRT1 against emphysema. SIRT1 interacts with FOXO3, thereby tipping the balance toward cell survival (11, 32) . Hence, we studied whether the protection of SIRT1 against emphysema is dependent on FOXO3. CS exposure for 6 months significantly reduced the level of FOXO3 in lungs of WT and Sirt1-deficient mice, but this decline was attenuated by Sirt1 overexpression (Supplemental Figure 7A ). Treatment with SRT1720 (100 mg/kg, orally) attenuated the reduction of FOXO3 protein induced by acute (3-day) CS exposure (Supplemental Figure  7B) . Moreover, FOXO3 acetylation was increased in Sirt1 +/-mice, but lowered in Sirt1 Tg mice exposed to CS for 6 months (Supplemental Figure 7C ). The interaction of SIRT1 with FOXO3 was disrupted in lungs of mice exposed to CS (Supplemental Figure 7D) .
We next investigated whether Foxo3 deficiency alters the protective effect of SRT1720 on emphysematous phenotype. In contrast with the findings in WT littermates, there was no protective effect of SRT1720 (100 mg/kg, orally) on elastase-induced increase in Lm of airspace or lung compliance in Foxo3 -/-mice (FVB × 129S6 background) (Figure 4 , A-C). Similarly, SRT1720 administration during the development of emphysema had no effect on R L , exercise tolerance, or arterial oxygen saturation in D-F). Therefore, FOXO3 was an essential mediator in the beneficial effect of SIRT1 against emphysema. SIRT1 attenuates CS-induced cellular senescence via FOXO3. CS exposure can cause cellular senescence in lungs of patients with COPD/ emphysema (3, (19) (20) (21) (22) (23) (24) 33 ). We found that the level of SIRT1 was decreased, whereas senescence-associated β-gal (SA-β-gal) activity and p21 expression were increased in lungs of COPD patients compared with nonsmokers (Supplemental Figure 8, A-D) . Therefore, it is possible that the protective effect of SIRT1 in emphysema is associated with its ability to regulate cellular senescence. As expected, CS exposure significantly increased the levels of prosenescent proteins (i.e., p21, p16, and p53) and SA-β-gal activity in lungs of Sirt1 +/-mice versus WT littermates, whereas these levels were lowered by Sirt1 overexpression ( Figure 5 and Figure 6 , A and B). Similarly, the prophylactic and therapeutic administration of SRT1720 (100 mg/kg, orally) significantly attenuated the SA-β-gal activity in lungs of WT mice, but not in Sirt1 +/-mice, exposed to elastase ( Figure 6, C and D) . Interestingly, the SA-β-gal activity was increased in Epi-Sirt1 -/-, but not in Mac-Sirt1 -/-, mice after elastase administration compared with corresponding WT littermates ( Figure 6 , E and F). Together, these data suggest that SIRT1 protects against SIPS in mouse lung.
To further study the contribution of FOXO3 to SIRT1's protection against cellular senescence, we determined the premature senescence in Foxo3 -/-mice exposed to CS for 4 months. Foxo3 -/-mice exhibited heightened levels of p21, p16, p27, and SA-β-gal activity in lungs in response to CS exposure ( Figure 7) . Strikingly, the augmented levels of p21 and SA-β-gal activity in lungs of Foxo3 -/-mice were not attenuated by SRT1720 after elastase administration ( Figure 8, A and B) . Consistent with this, SRT1720 treatment failed to alter the lung levels of p16, p27, or p53 in Foxo3 -/-mice exposed to elastase ( Figure 8C ). These findings suggest that FOXO3 is required for SIRT1-mediated protection against SIPS.
p21 deficiency attenuates CS-induced emphysema associated with reduction of cellular senescence. To determine the role of cellular senescence in emphysema, we exposed the prosenescent gene knockout (i.e., p21 -/-, C57BL/6J background) mice to CS for 6 months (34). The airspace enlargement and increased lung compliance were significantly ameliorated in p21 -/-mice compared with WT mice exposed to CS (Figure 9 , A-C). No change in R L was observed in either WT or p21 -/-mice after 6 months of CS exposure ( Figure 9D ). Furthermore, p21 deficiency reduced SA-β-gal activity in mouse lung in response to 6 months of CS exposure ( Figure 9E ). We next investigated whether p21 deficiency protects against cellular senescence induced by the SIRT1 inhibitor sirtinol in response to CS exposure. Treatment with sirtinol (2 mg/kg i.p.) further increased SA-β-gal activity in lungs of WT mice exposed to CS for 3 days ( Figure 9F ). However, there was no significant change in SA-β-gal activity in lungs of p21 -/-mice in response to CS exposure, or along with sirtinol treatment ( Figure 9F ). All these results indicate that SIRT1 regulates p21-mediated lung cell senescence, which is a key contributing factor in the development of emphysema. 
(G and H)
The myeloid cell-specific deficiency of Sirt1 (in Mac-Sirt1 -/-mice) did not affect lung compliance (G) or RL (H) in response to elastase exposure. Original magnification, ×100. Scale bars: 100 μm. n = 3-4 per group. **P < 0.01, § P < 0.001 versus saline; # P < 0.05, ## P < 0.01 versus WT.
Protection of SIRT1 against emphysema is not attributed to its effect on inflammation. SIRT1 deacetylates RelA/p65, which is activated in lungs of patients with COPD (18, 35, 36) . SIRT1 attenuated RelA/ p65 acetylation in mouse lung with emphysema triggered by CS (Supplemental Figure 9A) . Consequently, SIRT1 alleviated inflammatory cell influx into BAL fluid in response to both 3 days and 6 months of CS exposures (Supplemental Figure 9 , B-E). Neutrophil influx into BAL fluid was further increased in Epi-Sirt1 -/-mice, whereas there was no significant difference in neutrophil number in BAL fluid of Mac-Sirt1 -/-mice compared with their WT littermates exposed to CS for 3 days (Supplemental Figure 9 , F and G). Elastase-induced neutrophil influx was also further increased in Sirt1 +/-mice (Supplemental Figure 9H) . Additionally, administration of SRT1720 (100 mg/kg, orally) significantly decreased neutrophil influx into BAL fluid of WT mice in response to CS (3 days) and elastase exposure (Supplemental Figure 10 , A and B), which was associated with the increased SIRT1 activity in mouse lung (Supplemental Figure 4E and Supplemental Figure 10C ). To determine the role of NF-κB in lung inflammatory response, we then treated Sirt1 +/-and WT mice with a selective IKK2/NF-κB inhibitor (PHA-408; 50 mg/kg, orally) in response to CS (3 days) exposure and elastase injection. PHA-408 administration significantly reduced neutrophil influx into BAL fluid in both WT and Sirt1 +/-mice (Supplemental Figure 10 , D and E). Interestingly, the efficacy of PHA-408 in attenuating neutrophil influx was higher in Sirt1 +/-mice (CS, 67.3%; elastase, 56.8%) than in WT littermates (CS, 49.9%; elastase, 39.8%; P < 0.05). These results suggest that SIRT1 protects against NF-κB-dependent lung inflammatory response to both CS exposure and elastase intratracheal injection.
Finally, we determined whether PHA-408 also attenuates elastaseinduced emphysema. Surprisingly, PHA-408 administration was unable to alter elastase-induced airspace enlargement or increased lung compliance in either WT or Sirt1 +/-mice ( Figure 10 , A-C). Moreover, elastase-induced decrease in R L , arterial oxygen saturation, and treadmill running time was not significantly affected by PHA-408 treatment ( Figure 10 , D-F). SA-β-gal activity in elastaseexposed mouse lung was also not altered by PHA-408 ( Figure 10G ). Therefore, NF-κB-dependent inflammation was not involved in lung tissue damage or emphysematous destruction in mice.
Discussion
We and others have previously shown that the level of SIRT1 is substantially decreased in lungs of patients with COPD/emphysema as well as in lungs of rodents exposed to CS (17, 18, 37, 38) . However, the role of endogenous SIRT1 in the development of emphysema remains elusive. We therefore studied the role of SIRT1 in the pathogenesis of emphysema in mice using various genetic and pharmacological approaches. Our findings indicate that SIRT1 protected against CS-and elastase-induced airspace enlargement, decline in lung function, impaired exercise endurance, and decreased arterial oxygen saturation, which are the characteristic features of COPD/emphysema. Furthermore, Sirt1 deletion in airway epithelium, but not in myeloid cells, aggravated airspace enlargement and lung function decline induced was observed in Foxo3 -/-mice exposed to elastase. (E and F) Treadmill running time (E) and arterial oxygen saturation (F) were decreased in Foxo3 -/-mice in response to elastase intratracheal injection, which was not altered by SRT1720. H&E-stained images are representative of experiments from 3 separate mice. Original magnification, ×100. Scale bar: 100 μm. n = 3-4 per group. **P < 0.01, § P < 0.001 versus saline; ## P < 0.01 versus WT; † P < 0.05, † † P < 0.01 versus vehicle.
by elastase. Collectively, these observations suggest that SIRT1 exhibits a cell-specific protective role in emphysema. SIRT1 level and activity were reduced in an age-dependent manner in rodent lungs, as shown in this study and supported by others (39) . Interestingly, the Sirt1-deficient mice developed spontaneous airspace enlargement only after 1 year of age, although a significant reduction in SIRT1 occurred at 6-8 months of age in the lungs of these mice. Additionally, Sirt1-deficient mice at 6 months of age developed emphysema after CS exposure for 4 months, whereas 6 months of CS exposure was required to develop emphysema in WT mice. This suggests that SIRT1 reduction in early life is not enough to cause lung injury, but increases the susceptibility to develop stress-induced emphysema.
In agreement with the previous studies (40, 41) , chronic CS exposure did not alter R L , which was significantly decreased in elastaseexposed mice, suggesting that the reduction of R L occurs only in the setting of more severe emphysema. This was further corroborated by the findings in Sirt1-deficient mice, which exhibited lower R L and enhanced airspace enlargement than did WT littermates in response to both chronic CS and elastase exposures. However, the Rn was not altered by either CS or elastase exposure, or loss or gain of function of SIRT1. These results suggest that peripheral airway resistance is lower in the condition of severe emphysema, which may be due to increased destruction of small airways. These findings in the mouse model of emphysema are in contrast to the increased R L seen in human COPD (42) . This may be attributed to the anatomical features of mouse lung, such as the relatively large airway size and lack of submucosal glands, which might not cause the narrowing and obstruction of conducting airways (43) . We noted that the Lm value was about 50-60 μm in air-and salineexposed WT control mice, which is consistent with previous findings (44) (45) (46) . However, some studies have shown that the Lm of airspace is about 25-35 μm in WT control mice (47-50). The discrepancy in Lm of airspace among these studies may be associated with the differences in CS doses, pattern/composition of smoke delivered by different CS generating systems, mouse strains, and techniques used for measuring Lm. Nonetheless, 6 months of CS exposure and elastase intratracheal injection increased the Lm of airspace by approximately 19% and 38%, respectively. This was corroborated by the previous findings showing 15%-20% increase of Lm by chronic CS exposure, and 25%-45% increase by elastase administration (45, (47) (48) (49) .
SIRT1 deacetylates FOXO3 via direct protein-protein interaction, thereby tipping the balance to cellular survival in response to oxidative/carbonyl stress (11, 32, 51) . Our previous study showed an increase in both FOXO3 degradation and acetylation in lungs of COPD patients and mouse lung exposed to CS (51) . This was due to the reduction of SIRT1 level and its interaction with FOXO3 in response to CS exposure. However, it remains to be seen which residues of FOXO3 are acetylated by CS and regulated by SIRT1. Furthermore, the study is required to determine whether the increased acetylation marks FOXO3 for its degradation, as well as alters its transactivation on target genes (e.g., prosenescent versus antioxidant genes). Nevertheless, we have shown that Foxo3 deficiency increases the susceptibility of mice to develop emphysema (51) . Interestingly, the protective effect of a selective pharmacological SIRT1 activator, SRT1720, against emphysema was diminished in Foxo3 KO mice. These findings suggest that the beneficial effect of SIRT1 on emphysema requires FOXO3.
Accumulating evidence supports the notion that COPD is a disease of accelerated and premature aging, as enhanced oxidative stress and cellular senescence occur in lungs and systemic circulation of patients with this disease (3, 19, 22, 23, 33, 47, 52) . Therefore, we proposed that an age-dependent cellular senescence would be a target for the protection of SIRT1 against emphysema in mice. CS exposure significantly induced premature senescence in mouse lung, which was attenuated by SIRT1 overexpression and by its activator, SRT1720. This is corroborated by the finding that SIRT1 protects against CS-induced increase in p21, p16, and p53. Lung levels of p21, p16, and p53 were increased in Sirt1 +/-mice versus WT littermates exposed to CS for 6 months, which was attenuated by Sirt1 overexpression. No significant change was observed in p27 level among these mice. Blots are representative of experiments from 3 separate mice. Band density is expressed as fold change relative to corresponding β-actin. n = 3-4 per group. *P < 0.05, **P < 0.01, ***P < 0.001 versus air; ### P < 0.001 versus WT.
SIRT1 protects against telomere shortening and erosion (a biological maker of replicative senescence) (53) . However, the role of SIRT1 in CS-induced replicative senescence is unclear, although telomere length is a determinant of emphysema susceptibility (54) . Furthermore, the lung levels of p16, p21, and p27, as well as SA-β-gal activity, were further increased in Foxo3-deficient mice with emphysema, which was supported by a prior study showing the protection of FOXO3 against cellular senescence (14) . Strikingly, Foxo3 deficiency diminished the effect of SRT1720 in attenuating the levels of p21 and p16 as well as SA-β-gal activity in emphysematous lungs, indicative of the requirement of FOXO3 for SIRT1's protection against SIPS. Importantly, deletion of p21 significantly ameliorated CS-induced airspace enlargement and lung function decline. Both CS and sirtinol induced an increase in SA-β-gal activity in mouse lung, which was significantly attenuated by p21 deficiency. Hence, SIRT1 activation downregulated SIPS through FOXO3/p21 pathway, thereby protecting against emphysema. In addition to FOXO3, recent studies have demonstrated the involvement of other developmental and senescence-related genes, such as Wnt/β-catenin, Notch, Klotho, senescence marker protein-30, and Werner syndrome protein, in the development of emphysema (55) (56) (57) (58) (59) (60) . However, it remains to be seen whether SIRT1 targets these genes in response to CS exposure.
SIRT1 has been shown to upregulate FOXO3-dependent antioxidant genes (i.e., catalase and MnSOD) and to protect against oxidative stress-induced cellular apoptosis (61) (62) (63) (64) . Moreover, FOXO3 forms a complex network along with p53 in regulating cellular responses to oxidative stress, such as senescence, proliferation, and apoptosis (11, 65, 66) . This suggests the involvement of SIRT1/FOXO3/p53-dependent signaling in regulating cellular senescence. Both oxidative stress and apoptosis play an important role in the development of COPD/emphysema (44, 47, 50, 67) . Hence, it is likely that SIRT1 augmentation alleviates emphysema via downregulating oxidative stress-mediated cellular senescence and apoptosis. Chronic CS exposure reduced the level of SIRT1 in BAL cells (mainly composed of macrophages) and lung epithelial cells in mice. This is consistent with our previous studies showing SIRT1 reduction in monocytes/macrophages, lung epithelial cells, endothelial cells, and fibroblasts treated with CS extract in vitro (18, 38, 68, 69) . Interestingly, SA-β-gal activity in lungs was increased in mice with SIRT1 deficiency in Clara cells, but not in myeloid cells, compared with corresponding WT littermates in response to elastase administration. Furthermore, the SA-β-galpositive cells were mainly localized in the airway epithelium of emphysematous mice and COPD patients. These results indicate the importance of SIRT1 reduction associated with senescence in Clara cells (the progenitor cells of the peripheral airway epithelium) in the development of emphysema. This is in agreement with increased number of senescent Clara cells in lungs of patients with
Figure 6
SIRT1 protects against CS-or elastase-induced increase in lung SA-β-gal activity. (A) CS exposure for 3 days increased lung SA-β-gal activity (arrows). (B) Whereas SA-β-gal activity was increased by Sirt1 deficiency when exposed to CS for 6 months, this was not observed in lungs of Sirt1 Tg mice. (C) SRT1720 administration prior to emphysema development attenuated SA-β-gal activity in lungs of WT, but not Sirt1 +/-, mice in response to elastase exposure. (D) SRT1720 administration after emphysema development for 2 weeks ameliorated elastase-induced increase in lung SA-β-gal activity (arrows). (E and F). SA-β-gal activity was increased in lungs of Epi-Sirt1 -/-, but not Mac-Sirt1 -/-, mice compared with their WT littermates after elastase injection. Original magnification, ×200; ×400 (inset). Scale bars: 100 μm. SA-β-gal activity is expressed as 4-MU fluorescence normalized to protein content (see Methods). n = 3-4 per group. ‡ P < 0.05 versus air; *P < 0.05, **P < 0.01, § P < 0.001 versus saline; # P < 0.05 versus WT; † † P < 0.01 versus vehicle.
COPD compared with nonsmokers (52) . Nevertheless, the possibility that SIRT1 regulates senescence in fibroblasts and endothelial cells cannot be excluded. In addition, the SIRT1/FOXO3 axis may be involved in the regulation of lymphocyte senescence, thereby preventing the recognition of self-antigens particularly in mice with emphysema, since SIRT1 attenuated autoimmunity reaction by inhibiting T cell activation (9, 19, 21, 70) .
Inflammation and cellular senescence are intertwined in the process of accelerated or premature lung aging (inflammaging) (71) . The percentage of proinflammatory senescent type II cells expressing both p16 and phosphorylated NF-κB (i.e., senescence-associated secretory phenotype [SASP]) has been shown to be augmented in lungs of COPD patients compared with smokers and nonsmokers (33) . Senescent cells are prone to generate proinflammatory mediators, which may reinforce the senescence growth arrest or mobilize innate immune cells to clear senescent/senesced cells (72) (73) (74) . Consistent with this, both SIRT1 and genetic disruption of the prosenescent gene p21 attenuated CS-induced lung inflammation, which was associated with reduced NF-κB activation (34) . Interestingly, the inhibition of lung inflammation using the selective NF-κB/IKK2 inhibitor PHA-408 did not affect cellular senescence or emphysematous destruction. This observation suggests that NF-κB-dependent lung inflammation does not contribute to lung dysfunction or that it is just one of the consequences of cellular senescence.
It has previously been shown that SIRT1 negatively regulates MMP-9 by lowering NF-κB activation (17). We found that the level and activity of MMP-9 were further increased in lungs of Sirt1-deficient mice, which were attenuated by Sirt1 overexpression in response to CS exposure (H. Yao and I. Rahman, unpublished observations). Furthermore, mice overexpressing MMP-9 develop lung emphysematous phenotype, whereas MMP-9-deficient mice are protected from IL-13-induced airspace enlargement (75, 76) . These findings suggest the possible involvement of MMPs in SIRT1-mediated regulation of emphysema via an unknown mechanism.
In conclusion, SIRT1 protected against emphysema through a FOXO3-dependent antisenescent mechanism. Furthermore, the inhibition of NF-κB-dependent inflammation with PHA-408 did not exhibit any protective effect in elastase-induced airspace enlargement or decline in lung function. Therefore, the antisenescent, but not antiinflammatory, property contributes to the protection of SIRT1 against emphysema ( Figure 11 ). These findings highlight the mechanism of SIPS in the pathogenesis of COPD/emphysema. They also provide the rationale for a key and specific therapeutic target via pharmacological activation of SIRT1 in ameliorating/halting the progression of this diverse and complex debilitating disease (71, 77) . Hence, the activation of SIRT1 may prove a therapeutic intervention to prevent premature lung senescence/aging in COPD.
Methods
Mice. Generation of Sirt1 +/-and Sirt1 Tg mice was described previously (26, 27) . Sirt1 heterozygous KO mice were used, since Sirt1 homozygous KO mice have low perinatal survival rate (26) . Epi-Sirt1 -/-mice (Clara cell-specific Sirt1 deletion) were generated by crossing Sirt1 fl mice (B6;129-Sirt1 tm1Ygu /J; The Jackson Laboratory) with mice expressing the Cre recombinase transgene under control of the CC10 promoter (C57BL/6; obtained from T.J. Mariani, University of Rochester, Rochester, New York, USA). Mac-Sirt1 -/-mice (myeloid cell-specific Sirt1 deletion) were generated by crossing Sirt1 fl mice with mice expressing the Cre recombinase transgene under control of the lysozyme M promoter (B6.129-Lyzs tm1(cre)Ifo /J; The Jackson Laboratory) (29) (30) (31) . Foxo3 +/-mice (FVB;129S6-Foxo3a tm1.1Rdp ) were obtained from the Mutant Mouse Regional Resource Centers, University of California Davis (stock no. 016132-UCD) (78) . Foxo3 -/-mice and their WT littermates were generated and used in the experiments. p21 -/-mice were obtained from M. O'Reilly (University of Rochester, Rochester, New York, USA), who backcrossed them 10 generations to C57BL/6J after receiving from P. Leder (Harvard Medical School, Boston, Massachusetts, USA) (34) . All mice were housed in the vivarium facility of the University of Rochester with a 12-hour light/12-hour dark cycle (light on at 6:00 am).
Figure 7
CS-induced lung cellular senescence is increased in Foxo3 -/-mice. (A) Lung level of p21 was increased in Foxo3 -/-mice versus WT littermates exposed to CS for 4 months. (B) Foxo3 deficiency increased the levels of p16 and p27, but not p53, in lungs of mice exposed to CS for 4 months. (C) SA-β-gal activity was increased in lungs of Foxo3 -/-mice compared with WT littermates after 4 months of CS exposure. Blots are representative of experiments from 3 separate mice. Band density is expressed as fold change relative to corresponding β-actin. SA-β-gal activity is expressed as 4-MU fluorescence normalized to protein content (see Methods). n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001 versus air; # P < 0.05, ## P < 0.01, ### P < 0.001 versus WT.
CS exposure. 8-week-old mice were used for CS exposure as described previously (34, 40, 79) . For studies involving 3 days of CS exposure, researchgrade cigarettes (3R4F; University of Kentucky) were used to generate smoke, and mice were exposed to CS according to the Federal Trade Commission protocol (1 puff/min of 2 s duration and 35 ml volume) with a Baumgartner-Jaeger CSM2072i automatic CS-generating machine (CH Technologies). Mainstream CS was diluted with filtered air and directed into the exposure chamber. The total particulate matter (TPM) per cubic meter of air in the exposure chamber was monitored in real time with a MicroDust Pro-aerosol monitor (Casella CEL) and verified daily by gravimetric sampling (79) . CS concentration was set at a value of approximately 300 mg/m 3 TPM by adjusting the flow rate of the diluted medical air, and the level of carbon monoxide in the chamber was 350 ppm (79, 80) . Mice received 2 1-hour exposures (1 hour apart) daily for 3 consecutive days, then sacrificed 24 hours after the last exposure. Control mice were exposed to filtered air in an identical chamber according to the same protocol described for CS exposure. For 2-, 4-, and 6-month CS exposures, 3R4F cigarettes were used to generate a mixture of sidestream smoke (89%) and mainstream smoke (11%) by a Teague smoking machine (Model TE-10; Teague Enterprises) at a concentration of approximately 100 mg/m 3 TPM, so as to avoid possible toxicity to mice at a high concentration of long-term CS exposure (40) . Each smoldering cigarette was puffed for 2 seconds, once per minute for a total of 8 puffs, at a flow rate of 1.05 l/min, to provide a standard puff of 35 cm 3 . Mice received 5-hour exposures per day, 5 days per week, for 2, 4, or 6 months, then sacrificed 24 hours after the last CS exposure.
Intratracheal administration of porcine pancreatic elastase. Mice were suspended at 50°-60° by securing the upper incisor teeth to the board after anesthesia with ketamine (100 mg/kg i.p.). The tongue was pulled forward, and the oropharynx was maximally exposed with the help of small animal laryngoscope (Penn-Century Inc.). The MicroSpray tip (PennCentury Inc.) was endotracheally inserted, and 100 μl of saline alone or saline containing 1 U of porcine pancreatic elastase (Sigma-Aldrich) was sprayed into the trachea (40) .
Administration of SRT1720, sirtinol, and PHA-408. Sirtinol (2 mg/kg; Calbiochem) was administered by peritoneal injection, whereas SRT1720 (100 mg/kg, >95% pure by C-13 NMR and LCMS; synthesized from Life Chemicals) was administered through oral gavage 1 hour prior to CS exposure daily for 3 days (81) (82) (83) . In a separate experiment, SRT1720 (25, 50 , and 100 mg/kg) or PHA-408
indazole-3-carboxamide; 50 mg/kg; Pfizer) was dissolved in 0.5% carboxymethylcellulose containing 0.025% Tween 20 and injected via oral gavage into the conscious mice 24 hours prior to elastase administration, which was repeated daily (5 days per week) until 21 days after elastase administration (81, 84) . To study the therapeutic effect on emphysema, SRT1720 (100 mg/kg) was orally administered daily for 2 weeks after the development of elastase-induced emphysema.
Endurance exercise performance. Exercise endurance in mice was measured using a motorized rodent treadmill with an electric grid at the rear of the treadmill (Columbus Instruments), as described previously (40, 85) . Run duration (in minutes) and run distance (in meters, calculated based on run time and treadmill speed) were used as the parameters to reflect exercise capacity. Mice were placed on the treadmill and allowed to adapt to the surroundings for 3-5 minutes before starting the exercise. The treadmill was started at a speed of 8.5 m/min with a 0° incline. After 9 minutes, the speed and incline were raised to 10 m/min and 5°, respectively. Speed was increased 2.5 m/min every 3 minutes to a maximum of 40 m/min, and the incline was increased 5° every 9 minutes to a maximum of 15°. Exercise continued until mouse exhaustion, defined as an inability to maintain
Figure 8
SRT1720 protection against lung senescence is diminished in Foxo3 -/-mice exposed to elastase. (A) SRT1720 administration before emphysema development reduced elastase-induced increase in the level of p21 in WT mouse lung, which was diminished in Foxo3 -/-mice. (B) Elastase-induced increase in SA-β-gal activity was attenuated by SRT1720 in WT mice, which was diminished in Foxo3 -/-mice. (C) Attenuation in levels of p16 and p53, but not p27, in lungs by SRT1720 was diminished in Foxo3 -/-mice exposed to elastase. Blots are representative of experiments from 3 separate mice. Band density is expressed as fold change relative to corresponding β-actin. SA-β-gal activity is expressed as 4-MU fluorescence normalized to protein content (see Methods). n = 3 per group. **P < 0.01, § P < 0.001 versus saline; # P < 0.05, ## P < 0.01 versus WT; † P < 0.05, † † P < 0.01 versus vehicle.
running, despite repeated contact with the electric grid. At this stage, each mouse was immediately returned to its home cage.
Oxygen saturation determination. A pulse oximeter (Starr Life Sciences) was used to measure blood arterial oxygen saturations in conscious mice (40, 86) . Briefly, the pulse oximeter sensor clip was placed on the back of the mouse neck after depilation, and the mouse was put in the STARR-Dust cage until calm. The oxygen saturation was determined and collected using the MouseOx software (Starr Life Sciences).
Measurement of lung mechanics. Lung mechanical properties, including lung compliance and RL, were determined as described previously (40) . Briefly, the mouse was weighed, deeply anesthetized by i.p. injection of pentobarbital (90 mg/kg BW) and pancuronium (0.5 mg/kg BW), and tracheostomized. The trachea was cannulated, and the cannula was connected to a computer-controlled small animal ventilator (FlexiVent; SCIREQ). Estimated lung compliance, RL, and Rn at 3 cmH2O positive end-expiratory pressure were obtained by fitting a model to each impedance spectrum. The calibration procedure removed the impedance of the equipment and tracheal tube within this system.
BAL. Mice were injected with 100 mg/kg BW pentobarbiturate (Abbott Laboratories) i.p. and sacrificed by exsanguination. The heart and lungs were removed en bloc, and the lungs were lavaged 3 times with 0.6 ml of 0.9% sodium chloride, as described previously (40, 79) . The lavaged fluid was centrifuged, and the cell-free supernatants were frozen at -80°C for later analysis. The BAL cell pellet was resuspended in 1 ml of 0.9% sodium chloride, and the total cell number was determined by counting on a hemocytometer. Differential cell counts (minimum of 400 cells per slide)
were performed on cytospin-prepared slides (Thermo Shandon) stained with Diff-Quik (Dade Behring).
Lung morphometry. Mouse lungs (which had not been lavaged) were inflated with 1% low-melt agarose at a pressure of 25 cm H2O, then fixed with 4% neutral buffered PFA (34, 40) . Fixed lung was dehydrated, embedded in paraffin, and sectioned into 4-μm sections using a rotary microtome (MICROM International GmbH). H&E staining was performed on the lung midsagittal sections to determine Lm of airspace using MetaMorph software (Molecular Devices) (40) . Ten randomly selected ×100 fields per slide were photographed in a blinded manner, and the images were manually thresholded. The airway and vascular structures were eliminated from the analysis.
Preparation of whole cell lysate and nuclear protein.
The preparation of whole cell lysate and nuclear protein from lung tissue and BAL cells were described previously (87) . Briefly, lung tissue (100 mg) was mechanically homogenized with 0.5 ml of radioimmunoprecipitation assay (RIPA) buffer (50 mmol/l Tris-HCl, 150 mmol/l NaCl, 1 mmol/l EDTA, 0.25% deoxycholate, 1 mmol/l Na3VO4, 1 mmol/l NaF, 1 mg/l leupeptin, 1 mg/l aprotinin, and 1 mmol/l PMSF), and the tissue homogenates were kept on ice for 45 minutes to allow total cell lysis. Similarly, the BAL cells were lysed with RIPA buffer for 30 minutes on ice, and then vortexed for 15 seconds. Following centrifugation at 13,000 g in an eppendorf tube for 5 minutes, the supernatant was collected as whole cell lysate. For isolation of nuclear proteins, lung tissue (100 mg) was mechanically homogenized in 0. . n = 3-4 per group. *P < 0.05, **P < 0.01, § P < 0.001 versus air; # P < 0.05, ## P < 0.01 versus WT; † P < 0.05 versus vehicle.
mM PMSF, and 1 μg/ml leupeptin), and the homogenate was centrifuged at 2,000 g in a benchtop centrifuge for 30 seconds at 4°C to remove cellular debris. The supernatant was then transferred into a 1.7 ml ice-cold eppendorf tube and further centrifuged for 30 seconds at 13,000 g at 4°C. The pellet was resuspended in 50 μl of buffer C (50 mM HEPES [pH 7.8], 50 mM KCl, 300 mM NaCl, 0.1 M EDTA, 1 mM DTT, 10% [v/v] glycerol, 0.2 mM NaF, 0.2 mM Na3VO4, and 0.6 mM PMSF) and placed on the rotating rocker in the cold room for 30 minutes. Following centrifugation at 13,000 g in an eppendorf tube for 5 minutes, the supernatant was collected as the nuclear extract and stored at -80°C until use. Protein levels in samples were measured with a BCA kit (Pierce).
Immunoblot. Protein samples from lung homogenates and BAL cell lysates were separated on 6%-10% SDS-PAGE. The separated proteins were electroblotted onto nitrocellulose membranes (Amersham). The membranes were blocked for 1 hour at room temperature with 5% BSA, and then probed with a 1:400-1:1000 diluted antibodies of anti-SIRT1, anti-p53, anti-acetylated RelA/p65 at K310 (Cell Signaling Technology), anti-p21, anti-p16, anti-p27, anti-RelA/p65, and anti-FOXO3 (Santa Cruz Biotechnology) antibodies to determine respective proteins. After 3 washing steps (10 minutes each), protein levels were detected using secondary antibody (1:5,000 dilution in 2.5% BSA in PBS containing 0.1% Tween [v/v] 20 for 1 hour) linked to horseradish peroxidase (Dako), and bound complexes were detected using the ECL method (Perkin Elmer). Equal loading of the samples was determined by quantitation of proteins as well as by reprobing membranes for β-actin. Band density was calculated by densitometry analysis and expressed as fold change relative to corresponding loading control, β-actin.
Immunoprecipitation. Whole cell lysates were used for FOXO3 immunoprecipitation with an antibody against FOXO3 (1:40 dilution; Santa Cruz Biotechnology), which was added to 300 μg of sample proteins in a final volume of 400 μl, and incubated for 1 hour. Protein-A/G agarose beads (20 μl; Santa Cruz Biotechnology) were added to each sample and kept overnight at 4°C on a rotating rocker. The beads were washed 3 times and then resuspended in 40 μl of RIPA buffer. For immunoblot, the immunoprecipitated FOXO3 agarose bead suspension was resolved by SDS-PAGE. IgG and beads only were used as negative controls. To assess FOXO3 acetylation and its interaction with SIRT1, the membranes of immunoprecipitated FOXO3 were blotted against anti-acetylated lysine or SIRT1 (Cell Signaling), respectively. Original magnification, ×100. Scale bar: 100 μm. SA-β-gal activity is expressed as 4-MU fluorescence normalized to protein content (see Methods). n = 3-4 per group. *P < 0.05, **P < 0.01, § P < 0.001 versus saline; # P < 0.05, ## P < 0.01 versus vehicle.
SIRT1 deacetylase activity assay. SIRT1 activity was assayed using a deacetylase colorimetric activity assay kit (Biomol International) according to the manufacturer's instructions (38) . Briefly, SIRT1 was immunoprecipitated from whole lung homogenates (200 μg protein) in RIPA buffer. The Color de Lys substrate reagent and NAD + were added to the SIRT1-conjugated beads and incubated at 37°C for 80 minutes following the final washing. The substrate-SIRT1 mixture was then placed on a 96-well plate, and the Color de Lys developer reagent was added to the wells at 37°C for 20 minutes. The plate was then read at 405 nm using a spectrophotometer (Model 680 microplate reader; Bio-Rad).
SA-β-gal activity assay. SA-β-gal activity was quantitatively measured by the rate of conversion of 4-methylumbelliferyl-β-d-galactopyranoside (MUG) to the fluorescent hydrolysis product 4-methylumbelliferone (4-MU) at pH 6.0, as described previously (88) . Briefly, lung tissues were homogenized in the lysis buffer (5 mM CHAPS, 40 mM citric acid, 40 mM sodium phosphate, 0.5 mM benzamidine, and 0.25 mM PMSF, pH 6.0), and kept on ice for 1 hour. The lysates were centrifuged for 5 minutes at 12,000 g, and the supernatant was mixed with 2× reaction buffer (40 mM citric acid, 40 mM sodium phosphate, 300 mM NaCl, 10 mM β-mercaptoethanol, and 4 mM MgCl2 [pH 6.0] with 1.7 mM MUG), which was placed into a 37°C water bath for 3 hours. Finally, 50 μl of the reaction mix was added to 500 μl of 400 mM sodium carbonate stop solution (pH 11.0), which was read at 150 μl/well in a 96-well plate using a SpectrumMax M5 plate reader (Molecular Devices) with excitation at 360 nm, emission at 465 nm, 40 μs integration, and gain held constant at 46. Normalized SA-β-gal activity was expressed as observed fluorescence (rate of conversion of 4-methylumbelliferyl-β-d-galactopyranoside to 4-MU) divided by milligram total protein in the assay.
The OCT-embedded frozen lung tissues were sectioned at 6-μm thickness and stained to determine SA-β-gal activity using a commercial kit (Cell Signaling Technology). Briefly, the lungs were fixed in 2% formaldehyde containing 0.2% glutaraldehyde for 15 minutes and washed with PBS 2 times; subsequently, samples were incubated at 37°C for 24 hours in the staining solution (1 mg/ml X-gal in dymethylformamide, 5 nM potassium ferrocyanide, 5 nM potassium ferricyanide, 40 mM citric acid/sodium phosphate, 0.15 M NaCl, and 2 mM MgCl2, pH 5.9). The cells with blue color were considered SA-β-gal positive.
Clara cell isolation. The Clara cells were isolated from mouse lung as described previously (89) . Briefly, the RV was cannulated and flushed with sterile PBS after anesthetizing the mice. The lungs were instilled with 1% low-melting temperature agarose (0.5 ml), and kept on ice for 2 minutes. Then, 0.5 ml bovine pancreatic trypsin (0.25%; Sigma-Aldrich) in HBSS without Ca 2+ and Mg 2+ was instilled into the lung, which was incubated at 37°C for 10 minutes. The lung tissues were excised away from the large airways and cut into approximately 1-mm 3 pieces in DMEM containing 250 μg/ml DNAse I. The resulting suspension was filtered through 100-and 40-μM filters sequentially prior to the sedimentation by centrifugation at 200 g for 10 minutes. The cell pellet was resuspended in DMEM and washed 3 times through spinning at 32 g for 6 minutes at 10°C. To remove alveolar macrophages and fibroblasts, the cells were plated in dishes precoated with mouse IgG (500 μg/ml; Sigma-Aldrich) for 1 hour, and the nonadherent cells were collected and regarded as the Clara cells by CC10 Clara cell-specific marker staining (see below).
Immunohistochemical staining. The deparaffinized and rehydrated lung sections were exposed to 3% H2O2 in methanol for 30 minutes to quench endogenous peroxidase activity after antigen retrieval using the citrate buffer (0.01 M, pH 6.0). Nonspecific binding of antibodies to the tissue sections was blocked by incubating sections with 5% normal goat serum in PBS for 30 minutes. Lung tissue sections were incubated with primary SIRT1 (Millipore) or p21 (Abcam) antibody at a titer of 1:100 overnight at 4°C. After being washed, sections were incubated with secondary antibody biotinylated anti-rabbit Ig (DAKO) for 1 hour, and DAB (DAKO) was used as peroxidase substrate. The counterstaining with hematoxylin was then performed before examination under a light microscope.
Fluorescent staining. BAL cells and the isolated Clara cells (2 × 10 4 cells/ slide) were used to prepare the cytospin slides (500 g for 5 minutes), and fixed in 4% PFA for 10 minutes. The cells and deparaffinized lung sections were then permeabilized for 10 minutes in 0.3% Triton X-100 in PBS, and blocked for 1 hour using 10% normal goat serum. Samples were incubated with rabbit SIRT1 antibody (Millipore) alone or along with goat CC10 antibody (Santa Cruz Biotechnology) in a humidified chamber overnight; primary antibodies were detected with Alexa Fluor 594 goat anti-rabbit and Alexa Fluor 488 donkey anti-goat IgG (Invitrogen), respectively. The samples were then mounted with anti-fade DAPI fluoromount (Southern Biotech) and viewed under a fluorescence microscope.
Human samples. The lung tissue specimens from 27 subjects -10 lifelong nonsmokers and 17 patients with COPD -were collected by the Department of Medicine and Pathology, Helsinki University Central Hospital (18, 51) . The OCT-embedded frozen human lung tissues used for SA-β-gal staining were obtained from transplant donors and patients with COPD. COPD was defined according to the GOLD criteria (FEV1, <80% of predicted; FEV1/FVC, <70%; bronchodilatation effect, <12%). None of the patients had suffered from acute exacerbation for 2 months. The clinical characteristics of the patients used were described in detail previously (18) .
Statistics. Statistical analysis of significance was calculated by 1-way ANOVA for multigroup comparisons using STATVIEW. Results are shown as mean ± SEM. A P value less than 0.05 was considered statistically significant.
Study approval. All animal protocols described in this study were approved by the University Committee on Animal Research of the University of Rochester. The use of human tissue was approved by the ethics committee
Figure 11
Role of the SIRT1/FOXO3 pathway in protecting against emphysema. Lung level of SIRT1 is reduced in response to CS or oxidative/carbonyl stress, which leads to acetylation and degradation of FOXO3 and culminates in stress-induced premature senescence. The senescence of lung cells is a contributing factor to airspace enlargement and emphysema. NF-κB is also acetylated and activated in response to CS exposure as a result of SIRT1 reduction. However, inhibition of NF-κB-dependent lung inflammation does not prevent the progression of airspace enlargement. SIRT1 activation by overexpression and pharmacological means protects the lungs against cellular senescence and emphysematous changes.
